Heliothine pests such as the tobacco budworm, Heliothis virescens (F.), pose a significant threat to production of a variety of crops and ornamental plants and are models for developmental and physiological studies. The efforts to develop new control measures for H. virescens, as well as its use as a relevant biological model, are hampered by a lack of molecular resources. The present work demonstrates the utility of next-generation sequencing technologies for rapid molecular resource generation from this species for which lacks a sequenced genome. In order to amass a de novo transcriptome for this moth, transcript sequences generated from Illumina, Roche 454, and Sanger sequencing platforms were merged into a single de novo transcriptome assembly. This pooling strategy allowed a thorough sampling of transcripts produced under diverse environmental conditions, developmental stages, tissues, and infections with entomopathogens used for biological control, to provide the most complete transcriptome to date for this species. Over 138 million reads from the three platforms were assembled into the final set of 63,648 contigs. Of these, 29,978 had significant BLAST scores indicating orthologous relationships to transcripts of other insect species, with the top-hit species being the monarch butterfly (Danaus plexippus) and silkworm (Bombyx mori). Among identified H. virescens orthologs were immune effectors, signal transduction pathways, olfactory receptors, hormone biosynthetic pathways, peptide hormones and their receptors, digestive enzymes, and insecticide resistance enzymes. As an example, we demonstrate the utility of this transcriptomic resource to study gene expression profiling of larval midguts and detect transcripts of putative Bacillus thuringiensis (Bt) Cry toxin receptors. The substantial molecular resources described in this study will facilitate development of H. virescens as a relevant biological model for functional PLOS ONE |
Introduction
Heliothine moths are major polyphagous pests of commodity crops such as maize, cotton, soybeans and vegetables throughout the world [1] . In the Western Hemisphere, larvae of the tobacco budworm, Heliothis virescens (F.), are major pests of agricultural production through their feeding on cotton, soybean, tomato and other crops [2, 3] . Populations of H. virescens are notorious for rapidly evolving resistance to insecticides [4] , and are now primarily controlled in cotton by cultivars genetically modified to express insecticidal proteins from the bacterium Bacillus thuringiensis (Bt).
Control of H. virescens and other closely related heliothines would be greatly advanced by better understanding mechanisms underlying susceptibility and resistance to insecticides and biological control agents. For instance, availability of molecular resources would aid in the identification of gene silencing targets for field applications of novel insecticidal technologies [5] [6] [7] . Moreover, H. virescens is one of the most important lepidopteran models for characterization of development [8, 9] , pathogenesis [10, 11] , resistance to insecticides and pathogens [12] [13] [14] , and nutritional physiology [15, 16] . However, as with other economically important agricultural pests, the development of molecular resources for H. virescens has not received the efforts spent on model organisms such as Drosophila, which in turn is also hindering the development of H. virescens as a model for functional studies [17] [18] [19] .
Massively parallel "next generation" sequencing technologies have revolutionized the acquisition and analysis of transcriptomes and genomes from non-target [20] [21] [22] [23] , beneficial [24] [25] [26] [27] [28] and pest insects [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] . Platforms such as the Illumina HiSeq2000 can produce in excess of one terabase of sequence data per run, which allows a stunning acceleration in acquisition of molecular resources from any invasive pest or beneficial insect. These technologies have been applied to selected lepidopteran species as model systems for the study of pathogenesis [41, 43] . Moreover, available transcriptomic resources have guided the development of molecular markers associated with functional transcripts pertaining to life history and physiology. For instance, molecular markers from next generation sequencing projects, such as single nucleotide polymorphisms (SNPs), microsatellite loci, barcoding, etc. can provide extremely useful experimental tools for the study of taxonomy, development, adaptation, and ecological genomics of insect pests [17] [18] [19] 44, 45] . These markers have also advanced investigations of ecological and nutritional immunology, and have identified targets for gene silencing with RNA interference (RNAi) [6, 7, 39, [46] [47] [48] [49] . Methods associated with next generation sequencing, such as transcriptome profiling by RNA-Seq, have been applied to resolve agricultural issues [50] . However, despite current technological advancements, some of the developed non-model insect transcriptomic resources are limited by the sequencing technology, or by the specific life stage or tissue source, limiting the amount of useful information and the potential detection of relevant transcripts.
To help resolve the current critical lack of molecular resources for H. virescens, we present here the most comprehensive budworm transcriptomic resource developed to date. This transcriptome was obtained by combining transcript data from diverse sequencing platforms for all life stages, tissues and numerous treatments of H. virescens into a single de novo transcriptome. This approach increases the probability of obtaining a comprehensive collection of common and rare environmental transcripts. Furthermore, we demonstrate the utility of this resource for gene expression profiling of larval midguts, and report contigs encoding putative receptors for Bt Cry toxins.
Results and Discussion

Tissues and treatments represented in transcriptome
Our strategy was to pool transcript sequence data generated for H. virescens through diverse platforms to generate a comprehensive transcriptome, a resource which has been released to the research community (ncbi.nlm.nih.gov/genomeprj/49697). Initial efforts focused on transcripts obtained using both conventional cDNA library techniques and massively parallel Illumina sequencing from H. virescens hemocytes after baculoviral, bacterial and fungal infection. Hemocytes were selected as a good tissue to facilitate identification of putative resistance genes to pathogens because they are the primary immune responders, and can be isolated from insects in high number and relatively uncontaminated by other tissues or microbial flora. To activate the immune response, while minimizing the harvest of pathogen sequences, purified pathogen cell wall components devoid of nucleic acids were injected into the hemocoel, as previously described [51] . In the case of baculoviral infection, collected viral (HzSNPV) sequences were identified using the fully sequenced viral genome (NCBI accession # NC_003349) and these sequences were not included in this analysis.
A second group of transcripts was obtained from the midgut of H. virescens larvae through Illumina HiSeq 2000. This tissue was expected to yield transcripts related to digestive and defensive functions, including genes responsible for detoxification of toxicants ingested while feeding. Additional transcript collections were from Sanger sequencing efforts from all H. virescens life stages, and from Roche 454 pyrosequencing of female moth pheromone glands. However, time points were not optimized to sample all transcripts expressed during embryonic or larval development. Environmental treatments such as heat, cold, diapause, insecticide intoxication, and heavy metal intoxication were not included, and thus transcripts associated with these responses may not have been sufficiently sampled by our effort. Also ovaries, testes, fat bodies, Malpighian tubules and other major organs were not explicitly included in this sampling effort, although some of these tissues were represented among the Sanger reads. Consequently, while representing the most comprehensive collection of H. virescens transcripts currently available, the present transcriptome cannot be considered exhaustive or complete.
Assembly and analysis of contigs
An iterative de novo budworm transcriptome assembly was constructed by combining Illumina, Roche 454, and Sanger reads. Five cycles of addition and reassembly were performed using SeqMan NGen v2.1 in which over 138 million high quality input sequences (about 65% of >212 million reads) contributed to an initial budworm transcriptome of 69,643 contigs 80 bp with an average length of 383 bases (average coverage of 21), and 2,976 contigs greater than 2kbp in length. Contigs and singletons of <100 bases in length were excluded from subsequent analyses. Clustering of remaining contigs and singletons of > 100 bases in length displaying 95% or higher sequence identity [52] resulted in 63,648 sequence contigs with cumulative and average contig lengths of 42,683,498 and 670 nucleotides, respectively. The number of contigs of 2 kbp in length increased to 3,151 after clustering. The N 50 and N 90 of the final transcriptome were 1031 and 316 bp, respectively (Table 1) .
In order to identify orthologous transcripts in the final H. virescens assembly, annotation of the clustered sequences was performed using BLAST2GO (blast2go.org) [53] . This procedure resulted in 29,978 candidate protein coding genes with at least one significant BLAST hit (Table 1 ). The majority of transcripts were most similar to those of other insects with well annotated genomes, while insects with reduced genomic representation in databases were less represented (Fig 1, and S1 Table) . Thus, most contigs had significant matches to orthologs in Danaus plexippus (49.4% of annotated contigs) and Bombyx mori (30.4% of annotated contigs). Database entries for Helicoverpa spp. matched 4.5% of the contigs while only 2.3% (696) contigs matched Heliothis spp, reflective of the lack of relevant genomic resources for heliothines compared to other Lepidoptera models. Contigs that had no significant BLAST score (E-value cutoff 10E-3) were excluded from subsequent analyses. Within the contigs with significant BLAST matches, 13,298 (44.4% of total) were fully annotated and 2,239 had only mapped GO codes. Examination of resulting GO and KEGG maps demonstrated that transcripts corresponding to all major metabolic pathways expected for an insect were present (Fig 2A, 2B and 2C ). Despite extensive pre-filtering of raw sequence output, detailed examination of the annotated contigs revealed several sequences of possible bacterial and viral origin. Apart from sequences probably corresponding to midgut microflora, which have received no detailed study in this species, known testicular endosymbionts of H. virescens (L22481.1) [54] were also detected within the assembly.
Codon usage comparison
Open reading frames of the H. virescens, H. armigera, and B. mori genes used in calculating codon preference and the comparative codon usage data are given in the S2A Table and S2B  Table. Graphical representation of relative adaptiveness (RA) of codons is given in Fig 3. The total number of amino acid coding sequences in the 50 ORFs of H. virescens, H. armigera and B. mori were 26,165, 26,104, and 25,579, respectively. Relative adaptiveness was similar for most codons in H. virescens and H. armigera, but differed in B. mori. For example, RA for AGR and CGY codons (Arg) in H. virescens and H. armigera ranged from 74-100%, while AGA (100%) and CGU (61%) codons were predominantly used in B. mori. In H. virescens and H. armigera Leu was predominantly coded by CUG (100%) followed by CUC (65%) and UUG (60%). In B. mori, UUG (100%), CUG (95%), and CUC (83%) codons were used predominantly for Leu, followed by CUU and UUA (each at 64%). Both codons for Lys (AAA and AAG) were equally represented in B. mori ORFs, but AAG was predominantly used in H. virescens and H. armigera. Ochre codon (UAA) was predominantly used in the 50 ORFs from all three species to terminate translation. The other two stop codons, UGA (18 to 37%) and UAG (30 to 33%) were much less frequently used in all three species. In summary, comparison of H. virescens protein coding sequences with homologous (i.e. orthologous or paralogous) gene transcripts from H. armigera and B. mori indicated only minor differences in codon preference between three species. 
Hemocyte expressed genes
Molecular function (MF) and biological process (BP) GO terms significantly enriched in hemocytes (p<0.01, with Benjamini-Hochberg FDR) were identified, and the sequence contigs annotated with significant terms were selected using ArrayStar 5.0 software (DNAStar, Madison, WI). There were 4270 and 2951 transcripts with significant MF and BP GO terms, respectively, in the hemocytes (S3A Table, S3A Table, S3B Table, S3C Table and S3D Table) . There were 554 and 533 sequence contigs annotated with significant molecular function terms for protein binding and binding, respectively. Significant BP GO terms for, translation, metabolic process, proteolysis, and oxidation/reduction were represented by 222, 209, 205, and 153 contigs, respectively. Previous smaller scale attempts to harvest immune response transcripts from an H. virescens hemocyte cDNA library identified many ESTs orthologous to known insect unigenes [17] . The present, much deeper sampling of the activated immune system resampled hemocytes, but also sampled other immune responsive tissues such as the fat body, cuticle and midgut. Within the biological processes, the immune system process GO term was significantly enriched in 85 hemocyte contigs, which were selected for further analysis (S3E Table  and S3F Table) . Orthologs of known pathogen-associated molecular pattern recognition molecules involved in signaling the presence of infectious microbes were identified in the H. virescens transcriptome (S3G Table) . Interaction of these pathogen-associated molecular pattern receptors with cellular receptors results in the activation of signal transduction cascades leading to mobilization of the insect immune response [55, 56] . Orthologs of receptors involved in the mobilization and coordination of immunity functions were identified within the H. virescens transcriptome assembly, such as cytokines, antimicrobial peptides, protease inhibitors, attacin, and lysozyme (S3H Table) . H. virescens orthologs of several other immune system components participating in the encapsulation, melanization and clotting [17, 50, 51, [57] [58] [59] [60] [61] , including the amyloid-like precursor protein p102 [62] were identified in this assembly (S3I Table) .
Antiviral immune response and siRNA
Gene silencing through RNA interference (RNAi) mechanisms has been demonstrated as an effective and highly specific insecticidal technology [5, 63] . Orthologs identified in the H. virescens transcriptome included proteins participating in the micro RNA (miRNA) pathway, such as the nuclear microprocessor subunits Drosha and DGCR8, the nuclear membrane miRNA exporting protein exportin-5, and the cytoplasmic miRNA processing subunits loquacious, dicer-1 and argonaute-1 (S3J Table) . Contigs encoding orthologs of components in the small interfering RNA (siRNA) pathway and Piwi-interacting RNA (piRNA) pathway were also identified. These included orthologs of dicer-2, the RISC subunit argonaute-2, argonaute-3, and aubergine protein (S3K Table) .
Systemic RNAi may be possible through uptake of double stranded RNA (dsRNA) by an ortholog of the SID-1 protein identified in the H. virescens assembly. However, several insect species have been demonstrated to possess this ortholog but nonetheless lack a systemic RNAi response. Conversely proteins proposed to facilitate uptake of dsRNA into insect cells, such as scavenger receptors or lipophorins [64] [65] [66] , were also present in the assembly (S3K Table) . Future experimentation will be required to determine mechanisms and activity of these H. virescens orthologs in order to accomplish successful environmental RNAi in this pest species.
armigera and B. mori in public databases. All selected sequences had E-values below -135. Relative adaptiveness of each degenerate codon was calculated for each open reading frame and the proportional codon usage of degenerate codons was calculated by averaging codon usage across all 50 sequences. The relative adaptiveness for each codon was calculated by setting the codon with highest usage fraction within each degenerate codon set to 100% and proportionately scaling the fractions of remaining codons. Non-degenerate codons AUG (Met) and UGG (Trp) were not used in these calculations.
doi:10.1371/journal.pone.0128563.g003
Midgut expressed genes
In order to identify transcripts unique to the midgut tissue we compared gene expression levels using RNA-Seq in whole insect, hemocytes and midgut tissues. Of the 7,765 transcripts with significant differential expression (2-fold, p0.01) between whole insect and midgut tissue, 1,895 showed 2-fold higher expression in the midgut. A larger number of differentially expressed genes (11, 455) were detected when comparing hemocytes and midgut tissue, of which 5,334 were expressed 2-fold higher in the midgut. When considering the intersection of the three comparisons between pairs of samples (whole body vs. midgut, whole body vs. hemocyte, and midgut vs. hemocytes), 1,464 transcripts were identified as common (Fig 4) . There were 1104 sequence contigs highly expressed in the midgut (2-fold, P<0.01) compared to the other two samples (S4A Table) , although only 296 transcripts had annotations. Among these transcripts with significantly higher expression (>2-fold, p<0.01) in the midgut, we detected 13 aminopeptidases, four cadherin-like proteins, 107 proteases (chymotrypsins, trypsins, and serine proteases), 35 carboxyl esterases, 37 cytochrome P450 monooxygenases, three amino acid transporters, and four each ABC class B and C transporters (S4 Table) .
In an alternative strategy to identify midgut transcripts with significant GO terms, filtering with log base 2 expression value 0 selected a total of 32,418 contigs, of which 15,177 had homology to at least one gene in the database. Gene ontology (GO) analysis of GO terms with a nominal P-value 0.01 and Benjamini-Hochberg FDR correction for multiple testing was performed to identify significant molecular function and biological process GO terms in the selected set of gene transcripts (S4B Table and S4C Table) . Within the subset of resulting 4,573 selected gene transcripts, there were 91 statistically significant (p 0.01 with FDR) biological process GO terms associated with 3,304 sequence contigs (S4C Table) . There were 131 significant molecular function GO terms in the 4,751 gene transcripts at p0.01 out of 6,392 transcripts annotated with one or more molecular function GO term (S4D Table) . The number of sequence contigs annotated with different level 3 molecular function GO terms is given in Fig  2A. As would be expected from the function of the midgut tissue, the majority of transcripts (38.2%) had molecular function GO terms associated with digestive functions. Most of the transcripts (511 and 500 sequences, respectively) were annotated with the molecular function GO terms protein binding and binding. Other common molecular function GO terms denoting digestive function were hydrolase, peptidase/endopeptidase, and catalytic activities (277, 272, and 255 transcripts, respectively). There were also 237 sequence contigs annotated with the molecular function GO term "structural constituent of ribosome" representing ribosomal proteins (S4E Table) .
The majority of digestive enzymes in the midgut of lepidopteran larvae are serine proteases [67] . Most of the sequence contigs matching to chymotrypsin-like, trypsin-like, and other serine protease enzymes in the databases were selected in significant molecular function GO terms (p 0.01 with FDR) in the midgut. Thus, out of the 60 chymotrypsin-like, 68 trypsinlike, and 99 serine protease sequence contigs found in the transcriptome, 51, 54, and 56, respectively, were selected in the midgut with significant molecular function GO terms (S4D Table) and 111 of these proteases had two-fold or higher expression in the midgut compared to whole body and hemocyte samples (S4A Table) . Among the 73 sequence contigs annotated with GO terms for various protease inhibitor activities in the transcriptome, none showed elevated expression in the midgut compared to the other two tissues used in the study.
An additional function associated with the midgut tissue is the detoxification of xenobiotics. As expected, several enzyme classes involved in detoxification and xenobiotic processing mechanisms were also identified in the transcriptome assembly of H. virescens and many of them were highly expressed in the midgut. Members of four main enzyme superfamilies, carboxyl/ cholinesterase (CCE), carboxyl esterases, glutathione-S-transferases (GSTs), and cytochrome p450 monooxygenase (CYP450), were represented in the transcriptome and some of the contigs had high expression in the midgut. We identified 136 sequence contigs matching the carboxyl/cholinesterase (CCE) superfamily, which include functionally diverse groups of enzymes involved in xenobiotic degradation, neuronal development, and degradation of hormones and pheromones [68, 69] . It should be noted that there were 20 sequence contigs matching database Table) . Forty of the esterase contigs had two-fold or higher expression in the midgut compared to both whole body and hemocyte (S4A Table) . In the case of GSTs, we detected 64 sequence contigs in the transcriptome, of which 32 were annotated with significant molecular function GO terms in the midgut with expression values from 0.12 (stdev±0.55) to 7.81 (stdev±0.42) [68, 69] . Among the 112 esterase contigs, there were 23 sequence contigs matching database entries classified as variants of "antennal esterase". Out of the total 112 sequence contigs, 66 were significantly enriched in the midgut, with 11 of them representing the antennal esterases with expression values ranging from 0.92 to 5.49. There were 83 sequence contigs matching carboxylesterase, carboxyl esterase or carboxyl/choline esterase entries in the databases, of which 53 were enriched in the midgut with expression levels ranging from 0.51 to 9.54. In the case of GSTs, we detected 51 sequence contigs expressed in the midgut, of which 48 were enriched in that tissue with expression values from 0.12 to 7.85. The GST classes identified in the larval midgut of H. virescens included delta, epsilon, omega, sigma, tau, and zeta as well as a few unclassified entry matches. For CYP450s, we detected 197 sequence contigs in the transcriptome representing a wide range of CYP450 classes, including 4, 6, 9, 304, 306, 321, 324, 332, 333, 340, and 354. There were 56 CYP450 contigs enriched under molecular function GO terms in the midgut with expression levels ranging from 0.44 (±0.08) to 7.10986 (±0.51). Sequences matching CYP450 classes 4, 6, and 9, were most prevalent (76.8% or 43 out of 56) among the sequences enriched in the midgut (S4D Table) . There were 11 CYP450 contigs with greater than two-fold expression in the midgut compared to both whole body and hemocyte (S4A Table) .
Cry toxin midgut receptors
Larvae of H. virescens are targeted by biopesticides and transgenic crops containing Cry insecticidal proteins from the bacterium Bacillus thuringiensis (Bt). These Cry proteins bind to specific midgut proteins, and much effort has been devoted to the identification of these Cry toxin receptors and to characterize the Cry intoxication process [70] . Since high levels of resistance to Cry toxins are documented to involve alterations in receptor genes, efforts to identify Cry receptors are crucial in designing improved insecticidal proteins and effective resistance management strategies.
A number of laboratory strains of H. virescens have been documented to display high levels of tolerance to Cry toxins due to mutations or down-regulation of diverse receptor genes, such as cadherins [71] , ATP binding cassette (ABCC) transporters [72] , or membrane-bound alkaline phosphatases [73] . In addition, aminopeptidase proteins have also been reported as putative Cry toxin receptors in H. virescens [74, 75] . Availability of the H. virescens transcriptome allows for the identification of putative Cry toxin receptor isoforms, and for determining their variability. Contigs representing proteins previously shown to bind Cry1Ac toxin (the most active Cry protein against H. virescens), such as membrane-bound alkaline phosphatase (mALP) [76, 77] , aminopeptidases [75, 78, 79] , ABC transporters [72] , and cadherins [77] , were detected in the H. virescens transcriptome assembly.
Alkaline phosphatases
Among the 19 contigs from the assembly that matched to ALP sequences in databases, seven had greater than two-fold (P<0.01) expression in the midgut compared to whole body and hemocyte (S4A Table) . Eight ALP contigs were >200 amino acids in length and three of these represented full-length ALP sequences (Hv_Contig_1328, Hv_Contig_1343 and Hv_Con-tig_3366). Full length contigs Hv_Contig_1328 and Hv_Contig_3366 were enriched in the midgut compared to the whole body (S4A Table) . All contigs >200 amino acids were used in sequence alignments and to construct phylogenetic trees with ALP proteins previously shown to interact with Cry1Ac or have altered expression in Cry1Ac-resistant insects (Fig 5) . All the full-length ALP sequences and an almost complete transcript (Hv_Contig_5430) displayed 87-93% sequence identity and clustered in phylogenetic trees with H. virescens (ACP39712.1) and H. armigera mALP proteins previously reported as putative Cry1Ac binding sites involved in resistance to this toxin [73, 76, 77, 80] . However, this contig had a very low level expression in the midgut and was not statistically significant. An adjacent cluster included two contigs possibly representing allelic ALP variants (97% identity) that displayed slightly lower identity (89%) to ACP39712.1. Based on the high sequence identity among all these contigs (89-98%), it is highly plausible that at least some of them represent allelic variants of the same gene, or isoforms from duplicated ALP genes. A second major cluster in the phylogenetic tree included partial contigs Hv_Contig_15532 and Hv_Contig_15507, which were grouped with soluble (68% identity) and membrane-bound (76% identity) forms, respectively, of ALP from B. mori (Fig 5) . These observations support the variability in ALP isoforms in the H. virescens midgut and suggest that not all isoforms may contain Cry1Ac-binding sites, although further functional analyses would be needed to test this hypothesis.
ABCC transporters
Out of the 17 contigs in the assembly matching to ABCC transporters from databases, only five were >200 amino acids in length and were used for alignments and to construct phylogenetic trees with ABCC proteins proposed to be involved in Cry intoxication (Fig 6) . In these trees, three main clusters were observed, one of them including proteins with reported relation to the Cry intoxication process. Proteins in this main cluster included ABCC2 transporters from H. virescens, Trichoplusia ni and Spodoptera exigua previously reported either as Cry1Ac binding proteins or as being associated with resistance against Cry toxins [72, 81, 82] . This cluster also included sequence contig Hv_Contig_327, representing the H. virescens ABCC2 protein ADH16740.1 (99.8% identity) and being most abundant in gut tissue with 2.89 (stdev±0.25) and 1023.81 (stdev±0.56) fold higher expression compared to whole body and hemocyte, respectively, as would be expected from a putative Cry1Ac receptor (S4A Table) . Also in the same cluster was Hv_Contig_8943 with >93% identity to the T. ni and S. exigua sequences and showed significantly elevated expression in the midgut compared to whole body and hemocyte (S4A Table) . As noted for ALP isoforms, it is highly plausible that this high sequence identity detected for ABCC2 contigs signifies allelic variants or products from duplicated genes. Lower identity (<74%) was detected between these ABCC2 contigs and ABCC2 transporters from B. mori and Plutella xylostella within the same group cluster. A second cluster included an ABC family transcript (Hv_contig_265) and an ABCC3 transporter from S. exigua, with 85% sequence identity observed between them. Sequence contig Hv_Contig_265 was also highly expressed in the midgut and showed greater than two-fold higher expression than the whole body and hemocyte (S4A Table) . The third cluster included two contigs that were very different (<25% identity) from all the other sequences considered, and that did not have enriched expression in midgut compared to the whole body. The low homology and lack of localized expression suggest diverse physiological roles for ABC transporters in this cluster compared to the rest of analyzed ABC transporter contigs. Phylogenetic tree derived from alignment of alkaline phosphatase (ALP) contigs in the H. virescens assembly and ALP sequences from databases. Sequences from databases were selected based on evidence of interactions with Cry toxins [76, 80] or because membrane-bound and soluble forms have been described [102, 103] . The phylogram only displays nodes above a 70% bootstrap threshold (1,000 replicates), numbers in nodes represent bootstrap values. Lepidopteran ALPs used include proteins from Heliothis virescens (ACP39712.1), Helicoverpa armigera (ACF40806.1 and ACF40807.1), and Bombyx mori (BAA34926.1 and BAA14420.4). Aminopeptidases A total of 67 predicted aminopeptidase sequences were detected in the H. virescens assembly (S4A Table) , which included alanyl (most abundant with 36 contigs), aspartyl (1), glutamyl (2), leucyl (3), methionyl (8) , and prolyl (8) aminopeptidases plus nine unclassified aminopeptidases (S1 Table) . Expression levels (log base 2) of aminopeptidases in the midgut ranged from no expression to 11.49 (Stdev±0.42), with sequence contig Hv_Contig_818 displaying the highest relative level of expression. Among the sequence contigs that were highly expressed in the midgut, 19 showed significantly higher expression (2-fold, P<0.01) in the midgut compared to whole body and hemocyte. The APN coded by Hv_Contig_786 with 2.22 (±0.16)-fold increase in the midgut compared to whole body was at the lowest end while the APN coded by Hv_Contig_818 (with 99% identity to H. virescens APN AF173552_1) with 23.38 (±0.37)-fold increase over whole body represented the highest relative midgut expression. All 19 aminopeptidase contigs with significantly higher expression in the midgut were either minimally expressed or not detected at all in the hemocytes (S3E Table and S4A Table) .
Out of the 67 aminopeptidase contigs identified, 39 were identified as enriched in the midgut with significant biological process GO terms (S4C Table and S4E Table) . Of the total number of aminopeptidase contigs, 30 were >200 amino acids in length and were used for alignment and tree construction with previously reported APN proteins proposed as Cry toxin receptors [83] . In the resulting tree (Fig 7) , a number of clusters were observed mostly representing APN classes previously reported [83] . Thus, a cluster including APN Class 2 proteins [83] included two contigs (Hv_Contig_2713 and Hv_Contig_920) that were >98% identical between them and displayed up to 69% identity to APNs reported as Cry1Ab binding proteins from M. sexta (CAA66466.2) and P. xylostella (CAA66467.1) [84] . Hv_Contig_920 had 10.5 (stdev ±0.29)-fold higher expression level in the gut compared to the whole body and the expression level in the hemocytes was negligible (S4A Table) . However, the expression level of Hv_Contig_2173 was not different from that of whole body. An H. virescens APN in Class 3 (Q11000.1) previously reported as a Cry1Ac binding protein [78] clustered, and was identical (>99%), to contigs Hv_Contig_666 and Hv_Contig_667. An alternative H. virescens APN in Class 1 (AF173552_1) that was previously reported as a receptor shared by all Cry1A toxins [79] was identical (>97%) and clustered with two contigs (Hv_Contig_818 and Hv_Con-tig_997). Three alternative contigs were identified as representing (>97% identity) the Class 4 H. virescens 110 kDa APN (AAK58066.1) previously reported to act as a binding site for Cry1Ac and Cry1Fa toxins [75] . Interestingly, this binding was not conducive to toxicity [85] , which supports that even though some of the Class 4 APN contigs present have relatively high levels of expression in the midgut, their interactions with Cry1Ac toxin are probably irrelevant to toxicity. Two contigs (Hv_Contig_786 and Hv_Contig_18327) clustered with low identity (<65%) with a Class 5 Cry1Ac-binding APN from P. xylostella (CAA10950.1). Similar identity (~60%) was observed between a Class 8 APN (ACV04931.1) previously reported as Cry1Fa binding protein in O. nubilalis [86] and Hv_Contig_1103 (Fig 7) . These observations demonstrate the existence of genes from all the APN Classes previously reported to contain Cry toxin receptor APNs in the current H. virescens transcriptome. As expected from Cry toxins targeting midgut cells, all APN contigs clustering with previously reported Cry toxin receptor APNs had enriched relative expression in the midgut tissue, in contrast to APN contigs grouped in alternative clusters which did not have high expression in the gut.
Cadherins
Resistance to Cry1Ac toxin in H. virescens has been linked to mutant cadherin alleles [71, 77] . We identified 61 sequence contigs in the transcriptome that matched database Phylogenetic tree derived from multiple sequence alignments of aminopeptidase (APN) contigs from the H. virescens transcriptome assembly and reported lepidopteran APN proteins with Cry toxin receptor function [83] . Alignments included proteins from Heliothis virescens (Q11000.1, AF173552_1, and AAK58066.1), Helicoverpa armigera (AAN04900.1, and AAK85538.1), Plutella xylostella (AF109692_1, AAB70755.1, CAA10950.1, and CAA66467.1), Lymantria dispar (AF126442_1), Bombyx mori (AF352574_1, AAC33301.1, BAA33715.1, and BAA32140.1), Ostrinia nubilalis (AEO12689.1, AEO12690.1, and ACV04931.1), S. litura (AAK69605.1), and Manduca sexta (CAA61452.1, and CAA66466.2). The cladogram only displays nodes above a 70% bootstrap threshold (1,000 replicates). Numbers on nodes are bootstrap values. doi:10.1371/journal.pone.0128563.g007 entries for cadherin-like or mutant cadherin, and 17 of them were enriched in the midgut under molecular function GO terms (S4D Table) . However, only 16 of these contigs encoded fragments that were longer than 200 amino acids and were used with previously reported Cry1A-receptor cadherins in phylogenetic analyses. In the derived tree four major clusters were observed (Fig 8) . Only one of these clusters included previously reported Cry1A-receptor cadherin proteins, while contigs in the other three clusters displayed no homology (<21% identity) to any of the Cry1A receptors. Moreover, contigs in clusters not including Cry1A-receptor cadherins did not have increased expression in midgut compared to whole body (S4A Table) . Six assembly contigs clustered among the reported Cry1A receptor cadherins, more specifically in proximity to the H. virescens cadherin (AAV80768.1) reported as Cry1A binding protein [87, 88] with altered expression in Cry1A-resistant larvae [71, 89] . While one of these contigs (Hv_Contig_117) only displayed 47% identity to AAV80768.1, the other five contigs displayed >91% sequence identity to that protein and may represent polymorphisms in agreement with previously reported highly variable cadherin transcript production in Lepidoptera [90, 91] . Interestingly, the most contig most like AAV80768.1 (Hv_Contig_115, >98% identity), had lower relative expression in midgut compared to the whole body. This observation is in contrast to Hv_Contig_15 in a very close phylogenetic cluster (94% identity to AAV80768.1), which had 11.4 (±0.65)-fold higher relative expression in midgut tissue compared to whole body (S4A Table) . Taken together, these observations support that almost identical cadherin transcripts have localized expression, suggesting that they may have distinct physiological roles. Despite different levels of identity at the whole sequence level and expression levels, high identity was observed when comparing the Cry1Ac toxin binding region in AAV80768.1 [88] in other Cry1A-receptor cadherins and the five H. virescens contigs in the same tree cluster (Fig 9) . Interestingly, this short region was not detected in any of the predicted cadherin contigs that did not cluster with Cry1A-receptor cadherins or that were not included in the phylogenetic analysis (total 23 contigs), suggesting that a limited subset of cadherin genes in H. virescens encode Cry1A toxin receptors.
Conclusions
By combining new transcriptomic resources generated using Illumina and Roche 454 platforms, with existing published and unpublished Sanger-generated ESTs, we have assembled, annotated, and made public a de novo transcriptome of budworm. We expect that availability of this resource will enable detailed, and comprehensive studies of budworm immunobiology, pathogenomics, pathophysiology, digestion, reproduction, endocrinology, olfaction, diapause and biochemistry. Arguably, and based on the assembly output, the assembly in this work represents the most complete transcriptome currently available for any lepidopteran pest. This newly constructed transcriptome will also serve as a reference assembly for all future functional genomic studies of this pest species. The availability of extensive transcript data also enables high-throughput proteomic studies, which have been previously hindered by the lack of relevant genomic resources [13, [92] [93] [94] . The availability of other tools such as inbred strains, cell lines, viral isolates, RNA-seq and microarray data, RNAi tools, and quantitative genetic markers [95, 96] , promotes H. virescens to the status of a "model" organism. We believe that these resources will support and accelerate biologically-based pest management of this and closely-related highly destructive moths in the heliothine group, as well as allow testing of fundamental biological questions using H. virescens as a model.
Materials and Methods
H. virescens tissue RNA pools
All insects used in this study were laboratory colonies of H. virescens without any tolerance to chemical insecticides or Bacillus thuringiensis crystalline toxins. Hemocytes were prepared from early 5 th instar larvae as previously described [60] . Midguts of late 4 th instar H. virescens larvae fed control diet or diet surface-contaminated with 1 μg/ml of purified Cry1Ac activated toxin were dissected and extraneous tissue attached to midguts was carefully removed and pooled with tissues from the remainder of the body. Dissected midguts were placed in RNAlater (ambion.com) overnight at 4°C or snap-frozen in liquid nitrogen. Total RNA was extracted from hemocytes or midgut tissue using RNeasy kits (qiagen.com), following manufacturer's instructions. Isolated total RNA was subjected to DNase treatment to remove any residual DNA. Total RNA was also extracted from different life stages from egg to adult using TriZol reagent (invitrogen.com). Total RNA yields ranged from approximately 500 μg (eggs) to over 2 mg (midgut). The mRNA was isolated from 500 μg of pooled total RNA samples using the PolyA (+)-Track mRNA purification kit (www.promega.com). Pheromone glands were dissected from two to seven day-old PBAN treated H. virescens females (YDK strain). TransPlex Whole Transcriptome Amplification (WTA1) and the Complete Whole Transcriptome Amplification Kits (WTA2) (sigmaaldrich.com/life-science/molecular-biology/whole-genome-amplification/ whole-transcriptome.html#sthash.BQ5bg7ni.dpuf) were used to prepare extracted pheromone gland RNA. Samples were submitted for sequencing to the North Carolina State University Genomic Sciences Laboratory.
Library construction and sequence generation
For Sanger sequencing, degenerate forward primers amplifying trypsin and chymotrypsin transcripts were used with oligo dT as reverse primer to generate PCR amplicon fragments of 500~700bp in size. Amplicons were gel-purified using a QIAquick gel extraction kit (Qiagen, Valencia, CA), cloned into pGEM-TEasy vector (Promega, Madison, WI), and transformed into competent DH5α Escherichia coli (Invitrogen, Carlsbad, CA) that were plated onto LB agar plates containing 100μg/ml ampicillin. A total of 960 clones were randomly picked and sequenced from T7 and SP6 promoter ends using BigDye terminator chemistry (Applied Biosystems, Foster City, CA) on an ABI3700 capillary sequencer (Applied Biosystems). Sequencing in both directions resulted in sufficient sequence coverage to overcome failure or truncation of sequence due to the presence of polyA tails [97] . Additional H. virescens expressed sequence tags (ESTs) were kindly provided by Dr. Bruce Webb (Department of Entomology, University of Kentucky, Lexington, KY). RNA-seq of hemocyte (42 nt) and midgut (50 nt) samples was performed by the DNA Core Laboratory of the University of Missouri DNA Core Facility (biotech.rnet.missouri.edu/ dnacore/) according to the standard Illumina RNA-seq protocol (Part # 1004898 Rev. A, rev Sept 08) using an Illumina Genome Analyzer IIx. RNA quality was examined using the Experion Automated Electrophoresis system (www.bio-rad.com). The library prep was performed as described elsewhere [60, 98, 99] according to the manufacturer's instructions from the pooled PCR products. Short read (36 nt) Illumina Genome Analyzer II sequencing of mRNA pools was carried out by the National Center for Genomic Resources, (Santa Fe, NM) following standard protocols. Roche 454 sequence reads from fourth instar larval midgut and female pheromone gland tissues used in the transcriptome assembly were generated at the North Carolina State University Core Facility.
Sequence assembly and annotation
Short reads (36 and 42 nt) generated by Illumina Genome Analyzer IIx platforms, Sanger reads from various cDNA libraries, and Roche 454-sequence contigs assembled from midgut and pheromone gland mRNA sequences were used to assemble the transcriptome using SeqMan NGen v2.1 software (www.dnastar.com). Over 212 million reads obtained from 16 Illumina Genetic Analyzer II flow cell lanes were iteratively assembled in five cycles due to computer memory and software limitations. Sequences from four Illumina GAII lanes and 78,000 Sanger sequences were included in the initial assembly followed by four iterative assemblies adding data from 3 additional lanes and all unassembled reads from the previous assembly to each successive assembly. Assembly match percentage was set to 93% with a match window size, match spacing, mismatch penalty, and gap penalty set to 15, 10, 20 Redundant sequence contigs in the transcriptome assembly were clustered using the CD-HIT_EST tool (weizhong-lab.ucsd.edu/cdhit_suite/cgi-bin/index.cgi?cmd = cd-hit-est) in the CD-HIT Suite. The transcriptome sequence file in FASTA format was used with a sequence identity cut-off value of 0.90. The longest sequence of each cluster was retained in the assembly by selecting and deleting all shorter sequences. The transcriptome assembly was further refined by removing sequence contigs shorter than 100 nucleotides [52] .
Contigs and singletons resulting from this assembly were annotated using BLAST2GO v3.0 (www.blast2go.org) [53, 100] . NCBI non-redundant database (nr) was initially interrogated using BLAST2GO v3.0. Sequences without blast hits were checked against local databases built with peptide sequences of annotated genomes of Bombyx mori, Danaus plexippus, and Heliconius melapomne (ncbi.nlm.nih.gov/genome/browse/). Annotation of KEGG orthologies (KOs) and metabolic pathway mapping was accomplished using the utilities provided by the Kyoto Encyclopedia of Genes and Genomes (www.genome.jp/kegg). All sequences have been deposited in the NCBI database (ncbi.nlm.nih.gov/genomeprj/49697) with accession number SRP005629.
Codon usage comparison
Annotated H. virescens transcriptome was used to select 50 full length open reading frames that also had full length homologous sequences for H. armigera and B. mori in public databases. All selected sequences had E-values below -135. Codon usage was calculated for each ORF using the Codon Usage utility of the Sequence Manipulation Suite (bioinformatics.org/ sms2/codon_usage.html). The sum of codon numbers within each insect species was used to calculate average codon usage per 1000 codons, the proportional codon usage of degenerate codons, and the relative adaptiveness (RA) of each degenerate codon. Relative adaptiveness was calculated by setting the codon with highest usage fraction within each degenerate codon set to 100% and proportionately scaling the fractions of remaining codons. Non-degenerate codons AUG (Met) and UGG (Trp) were not used in these calculations.
Phylogenetic analyses
All sequence analyses, alignments and phylogenetic tree construction were performed in the CLC Genomics Workbench 7.5.1 software package (clcbio.com). Contigs annotated as alkaline phosphatase, ABC transporter, cadherin, or Aminopeptidase were selected from the H. virescens assembly and translated in the respective frame. Only sequences that were longer than 200 amino acids were selected for further analyses. Protein sequences in each functional subgroup were aligned with respective proteins sequences from the NCBInr database that have been previously reported as relevant to Cry intoxication in Lepidoptera. Sequences were aligned and the alignment used to construct an UPGMA tree using the Kimura protein distance measure correction and performing bootstrap analysis with 1,000 replicates. Trees were represented as circular phylograms with a bootstrap threshold for nodes of 70%.
RNA-Seq profiling
The transcriptome unigene set and available annotations for H. virescens were imported to ArrayStar 5.0 gene expression profiling software (DNAStar, Madison, WI). Illumina HiSeq2000 and Genome Analyzer II sequence read files (36 to 50 nt) obtained from two replicates of whole insect and three replicates of larval midgut and hemocytes, containing 8-28 million reads per replicate were imported into the RNA-Seq experiment. Read density for each transcript was normalized for transcript read length using the RPKM (Reads per Kilobase of exon model per Million mapped reads) method [101] . Replicate groups containing sequence reads from each replicate experiment were created and the expression levels were normalized to an internal calibrator gene (Hv_Contig_26369, β-actin). This gene was selected based on uniform raw expression levels across the tissues used in the study as detected in initial analyses.
Normalized expression values and standard deviations were calculated for each transcript. Transcripts with a linear expression value greater than or equal to an arbitrary cutoff value of 10 −1 were considered as genes expressed in the gut and hemocyte tissue, and those with expression value below cutoff were not considered in the analysis. Unless otherwise noted, all expression level comparisons were filtered using Student's t-test at 95% confidence limit and a Benjamini-Hochberg false discovery rate (FDR) for multiple testing correction was applied where appropriate. Gene ontology (GO) terms and ID's of BLAST2GO annotated genes were imported into ArrayStar 5.0 to perform GO term enrichment analyses. Sequence contigs with linear expression values 0.1 and a significant correlation with GO terms of biological process and molecular function were filtered (P0.05 with Benjamini-Hochberg FDR correction for multiple testing) to identify groups of genes enriched in each tissue type.
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